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Abstract .  Ca 2+ ions are absolutely necessary for the 
propagation of mycobacteriophage I3 in synthetic 
medium. These ions are required for successful in- 
fection of the host and during the entire span of the 
intracellular development ofthe phage. A direct assay 
of the phage DNA injection using 3z[p] labelled phage, 
shows that Ca 2 + ions are necessary for the injection 
process. The injection itself is a slow process and takes 
15 min to complete at 37~ The bacteria infected in 
presence of Ca 2 + tend to abort if the ions are sub- 
sequently withdrawn from the growth medium. The 
effect of calcium withdrawal is maximally felt during 
the early part of the latent period; however, later 
supplementation f Ca 2+ ions salvage phage pro- 
duction and the mature phage progeny appear after a 
delayed interval, proportional to the time of addition of 
Ca z +. 
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Ca 2 + in successful phage infection has been known for 
a long time, the exact nature of its involvement has not 
been elucidated. However, the available evidences 
indicate that it is involved in the penetration of the 
phage into the host (Luria and Steiner, 1954; Potter and 
Nelson, 1953), or some time during the late stages of 
phage development (Rountree, 1955). 
In our attempts to propagate the mycobacte- 
riophage I3, we have found that the phage did not 
multiply in synthetic minimal medium although rea- 
sonably high titers were obtained in nutrient broth or 
nutrient agar plates. Recently, however, we have de- 
veloped a minimal medium for successful phage growth. 
Ca 2+ ion was found to be absolutely necessary for 
the propagation ofphage I3 in this medium as well as 
other minimal media in which we could not grow the 
phage earlier. We have investigated the st ps of the 
phage I3 growth which require this cation. The results 
presented in this communication show that Ca 2+ is 
required for phage DNA injection into the host as well 
as for the maturation of the phage. 
Extensive investigations have been carried out on the 
nutritional requirements for the propagation of bacte- 
riophages (Adams, 1959). Many phages required iva- 
lent cations, mainly Ca 2 § or Mg 2+ for adsorption to 
host cell surface. There are also occasional instances of 
organic cofactor requirements, like tryptophan for 
phage T4 (Delbriik, 1948). Tryptophan alters the 
structure of phage T4 tail fibres in such a way as to 
promote the attachment to the host cell surface 
(Kellenberger t al., 1965). While the requirement for 
Abbreviations: moi = multiplicity of infection; PFU = plaque form- 
ing units; EGTA = ethylene-glycol-bis (/Laminoethyl ether) N,N'- 
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Mater ia ls  and Methods  
A clear plaque mutant (C5) of the mycobacteriophage i3 
(Gopinathan et al., 1978) was used in these investigations. The host 
strain used was Mycobacterium s egmatis SN2. 
Bacto-agar, yeast extract and Bacto-tryptone were from Difco 
Laboratories, Detroit, Michigan, USA. Peptone and meat extract 
were from Centron Research Laboratories, Bombay, India. Tween- 
80 (polyoxyethylene sorbitan monooleate), ethylene-glycol-bis- 
tetraacetic acid (EGTA), cesium chloride, Tris, and DNase I were 
from Sigma Chemical Co., St. Louis, Missouri, USA. 32[p]. 
orthophosphate (carrier free) was obtained from Bhabha Atomic 
Research Centre, Bombay, India. 
Bacteria were routinely grown in the synthetic medium of 
Youmans and Karlson (1947). The medium contained per litre, 5 g 
asparagine, 5.9 g potassium dihydrogen phosphate, 0.5 g potassium 
sulfate, 0.6g magnesium carbonate, 1.5g citric acid and 20ml 
glycerol; 0.3 ~ (v/v) Tween-80 was also included to give dispersed 
growth. 
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Preparation of 32 [ p]-Labelled Phage and DNA 
1 gCi/ml of 32[P]-orthophosphate was added to synthetic medium 
from which KH2PO 4 was omitted. Bacteria were grown to early 
exponential phase (14h, 5 x 107 cells/ml) and then phage was added 
at a multiplicity of infection (moi) of 5, along with CaC12 to a final 
concentration of I raM. After a further incubation f 12 h at 37 ~ C a 
few drops of CHC13 were added and the lysates were prepared by 
centrifugation at 7,000 rev/min for 20 rain in a Sorvall GSA 3 rotor. 
The phage was purified by several steps of low and high speed 
centrifugations, DNase digestion and banding on a cesium chloride 
density step-gradient. The phage band was collected and used directly 
for DNA injection experiments. Dialysis resulted in significant loss of 
viability of the phage. 
32[P]-Phage DNA Injection Assay 
The assay was carried out by the method of Newbold and Sinsheimer 
(1970) as adapted by Gadagkar and Gopinathan (1978). A f te r  
adsorption with 3z[p] labelled phage, the infected cells (containing the 
injected and uninjected phages) as well as the uninfected cells were 
collected and washed several times with sodium tetraborate (pH 
9.1) containing 0.3 % (v/v) Tween-80. After 4 to 5 washings, the 
subsequent washings did not remove any radioactivity. The cells were 
then collected on millipore filter and the radioactivity was determined 
in a Beckman LS-100 liquid scintillation spectrometer. 
Results 
The yield of phage particles in the synthetic medium is 
given in Table 1. While the growth was extremely poor 
in the unsupplemented synthetic medium (Burst size 
< 1), high titers were obtained when calcium salts were 
added. The addition of MgCI2 improved the phage 
yield over the control, but was not as effective as Ca 2 +. 
With K + or NH~ supplementation, the yields were 
lower than input phages. 
The effect of varying concentration of Ca 2 + on 
phage production is given in Fig. 1. The minimal 
optimum concentration of Ca 2+ was 100~tg/ml 
(0.68 raM) and the phage yields were in the same range 
up to 400 ~tg/ml CaC1 z. 
Since the synthetic medium employed contains 
citrate (used as a growth factor in addition to the 
carbon source, glycerol) which is a known chelator for 
Ca 2 + and Mg 2 +, the growth and phage yield were 
examined in the same medium devoid of citrate, and 
containing Mg 2+. Even in this medium, Ca 2+ sup- 
plementation (0.68raM) enhanced phage production 
significantly (phage titer, in absence of Ca 2+, 1.5 
x 108/ml and in presence of Ca z+, 5 x 109/ml). 
The effect of Ca 2 + on phage production at varying 
moi was studied and the results are presented in Table 2. 
The number of infected bacteria as well as the total 
phage yield were much higher in presence of Ca 2 +, at 
every moi. At very low moi, even in presence of Ca 2 +, 
the phage production (output/input) was lower than 1 ; 
the low burst sizes may be due to reinfection of the 
bacterial population. At any time, the number of 
Table 1. Effect of salts on phage production 
Supplement Concentration Titer 
(mM) (PFU/ml) 
1. Control (none) - 1.5 x 107 
2. CaC1 z 0.68 6 • 109 
3. CaSO4 0.58 3 x 109 
4. Ca(NO3)2 0.42 5 • 109 
5. MgC12 0.50 5 x 108 
6. KC1 1.34 7 • 106 
7. NH4C1 1.87 4 x 106 
Various salts were added to the synthetic minimal medium at 
100tag/ml concentration and early exponential phase c lls were 
infected with phage at a moi = 1. After 12 h, the lysates were titrated 
on the indicator bacterium, Mycobacterium srnegmatis SN 2 
bacteria infected in the absence of Ca 2 + was only 10-  
50 % of the number in presence of Ca 2 +. The differ- 
ences were however, most pronounced at low moi. The 
narrowing differences at higher moi is presumably due 
to the Ca z+ carried by the inoculating phage. For 
instance, at moi 10, there was 10 ~tg/ml (0.068 mM) final 
concentration of Ca 2 + carried over by the infecting 
phage, and this corresponds to nearly 10-20  % of the 
optimum Ca 2 + requirements (cf: Fig. 1). 
In order to see whether Ca 2 + was needed during 
adsorption or propagation of the phage, an experiment 
was designed to specifically remove Ca 2 + at each of 
these stages by using EGTA. The results are presented 
in Table 3. 
The number of infected bacteria were reduced by 
40 % when adsorption was carried out in the absence of 
Ca / + and in the presence of EGTA. The effect was 
most drastic if Ca 2 + was absent during both adsorption 
and propagation. If  Ca 2 + was removed during pro- 
pagation, after carrying out the adsorption in presence 
of Ca z + (line 2 in Table 3), there was a substantial 
decrease in the net phage yield as well as the burst size. 
When the infected bacteria formed in the absence of 
Ca z + were suspended in Ca 2 + containing medium and 
propagated, there was greater reduction in the yield and 
burst sizes. 
In this experiment, he number of infected bacteria 
recorded may be an overestimate b cause the technique 
does not differentiate between a host cell to which the 
phage is attached (but DNA is not injected) and a cell 
into which DNA injection has taken place. Most, if not 
all of the bacteria infected in the absence of Ca 2 + would 
belong to the former group, as Ca 2 + is necessary for the 
injection of phage DNA to the host (see the later 
section). However, both of them would behave like true 
infective centers on plating out on the assay plates, since 
they contain Ca z+. In the liquid medium used for 
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Moi Absence of Ca 2 + Presence of Ca 2 + 
Infected Phage titer Burst size Infected Phage titer 
bacteria/ml bacteria/ml 
Burst size 
0.1 7.5x 105 2.5x 105 0.33 8.4x 106 7.0x 106 0.83 
0.2 2.0 x 106 5.0 x 105 0.25 1.2 x 107 2.0 x 107 1.67 
0.5 4.0 • 106 3.0 X 10 6 0.75 1.9 X 107 8.0 X 108 42 
1.0 7.5 X 106 1.6 X 107 2.1 2.2 X 107 2.0 • 109 91 
2.0 1.8 X 107 5.5 X 107 3.0 4.3 X 107 5.2 • 109 121 
5.0 5.0 x 107 7.5 x 108 15 1.0 x 108 5.4 X 10 9 54 
10.0 7.0 x 107 1.2 x 109 17 1.3 x 108 5.0 x 109 38 
Early exponential phase cells of M. smegmatis were infected with phage 13 at various moi (0.1 to 10) in presence or absence of 1 mM CaCI z. After 
adsorption for 20 min, at 37 ~ C, the cells were collected by centrifugation. The unadsorbed phages and infected bacteria were determined by 
titrating against indicator bacteria. The infected bacteria were resuspended in fresh medium with or without calcium and incubated for 5 h at 
37~ (one cycle of growth). The progeny phage titers were also determined (PFU/ml) 
Tab le  3. Effect of Ca 2 + during different stages of phage propagation 
Presence of Ca 2 + during 
Adsorption Propagation 
Infected bacteria Progeny titer Burst size Unadsorbed phages 
+ + 2.1 • 107 1.0 • 109 48 4.8 • 107 
+ - 2.4 x 107 4.6 x 108 20 4.8 x 107 
- + 1.4x 107 5.8 x 107 4 5.3 x 107 
- - -  1.3 x 107 1.9 X 106 < 1 5.6 x 107 
M. smegmatis cells growing at early exponential phase were infected with I3 at an moi = 1 in presence or absence of 1 mM CaC12. To ensure 
complete removal of calcium, EGTA was added in excess (final concentration 1 mM). After allowing for adsorption for 20 min at 37 ~ C, the cells 
were collected by centrifugation (4K, 10 min) and resuspended in medium, containing 1mM CaC12 or 1 mM EGTA. After 5 h incubation at 
37~ the lysates were prepared and titrations were carried out as before 
Tab le  4. Requirements for phage DNA injection 
No. Treatment CPM of 32[p] 
DNA injected 
1. None (control) 188 
2. 2mM Ca 2+, 37~ 1,865 
3. 2mM Ca 2+, 20~ 850 
4. 2raM Ca 2+, 0~ 506 
5. Tween-80 (0.3 ~ v/v) i95 
6. Tween-80 (0.3~ v /v )+2mM Ca 2+ 946 
32[P]labelled phage was added to 1 ml suspension ofcells (10 s cells/ml 
synthetic medium) in presence of the various components and 
incubated at the indicated temperatures. After 30 min incubation, the 
cells were collected by centrifugation at4,000 rev/min for 10 min and 
processed as described under "Materials and Methods" 
propagation, on the other hand, it is likely that some of 
these infective centers belonging to the former category 
would have aborted in course of time, and hence the 
apparent reduction in burst size. This in turn, may 
imply that Ca 2 § did not have any effect on propagation 
of phage but was only reflected as a consequence of its 
effect on DNA injection. In other words, once DNA 
injection was complete, Ca 2 + probably did not have 
any effect; this aspect was therefore, studied in greater 
detail. 
To determine the point at which Ca 2 § was acting at 
the early stages of phage infection, phage DNA in- 
jection was assayed in the presence and absence of 
calcium. The results are presented in Table 4. 
DNA injection was temperature dependent and 
required Ca z +. Maximal DNA injection was observed 
at 37~ in presence of 1 -2mM Ca 2+. Tween-80 
completely inhibited DNA injection and this inhibition 
was relieved to a great extent by Ca 2 § ions. 
The kinetics of DNA injection by 32[p] labelled 
phages are presented in Fig. 2. The injection process 
was completed in 15 min at 37 ~ C, in presence of Ca 2--. 
Addition of chloramphenicol (100 I~g/ml) during DNA 
injection or pretreatment of cells with the antibiotic did 
not influence the extent of DNA injection. Hence, the 
injection process was not dependent on fresh protein 
synthesis. 
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Fig. 1. Effect of calcium ions in phage production. Various amounts of CaC12 were added to the synthetic growth medium (cell population 5 
x t07/ml) at the time of phage infection (moi = 1). The cultures were incubated at 37~ with aeration for 12h. The lysates were clarified by 
centrifugation at8,000 x g for 10 rain, and titrated on indicator bacteria, Mycobacterium s egmatis SN2. (CaCI2, 100 gg/ml = 0.68 raM) 
Fig. 2. Kinetics of phage I3 DNA injection. 32[p]labelled phage was added to 1 ml cell suspension (108 cells/ml)in presence of 1 mM CaC12, and 
incubated at 37 ~ C. At various times, the injection process was stopped by adding ice cold borate buffer containing 0.5 ~ Tween-80 and 0.5 mM 
EGTA 
Role of Ca 2 + in Phage Propagation 
To evaluate the role of Ca 2 + in phage 13 propagation, 2 
types of experiments were carried out and the results are 
presented in Fig. 3. 
Bacteria were infected in presence of Ca z +. In one 
set of experiments, they were then suspended in Ca 2 + 
free medium and Ca 2 + was added at various times as 
shown. Alternatively, the infected bacteria were sus- 
pended in a medium containing Ca 2+, and excess 
EGTA was added at noted times to remove Ca z + from 
the system. These cells were incubated for a total time of 
5 h from the time of suspending infected bacteria to 
complete the life cycle. The results from both these sets 
of experiments were nutually complementary. The 
samples which contained Ca 2 + from zero time gave the 
highest yields, with a gradual reduction in titers as the 
addition of the ion was delayed. The effect was most 
pronounced when Ca 2+ was withheld in the initial 
periods, but the continued presence of Ca 2 + appeared 
to be necessary throughout the latent period, for the 
best phage yields. Even when EGTA was added to 
remove Ca 2 + at 210 min (after the completion of latent 
period and beginning of rise period), the phage pro- 
duction was diminished. EGTA itself did not have any 
effect on mature phages. The above results suggested 
that Ca 2 + may have some effect even on a late process. 
On the other hand, if the phages needed 5h to 
complete the life cycle from the time of Ca 2 + addition 
(provided this ion is required at the very early stages of 
phage development after DNA injection), the observed 
reduction in titers may be only superficial, since they 
were not able to complete the life cycle. This expla- 
nation may be valid because the total time of incubation 
was only 5 h in the above experiment. The situation was 
verified by the experiment presented in Fig. 4. The one- 
step growth curve of the phage 13 is also provided 
within this figure, for ready comparison. 
The latent period and rise period were 180-  
200 min and 45 - 60 min for the C mutant of phage 13, 
in the synthetic medium, containing Ca 2 + (0.68 raM). 
The average burst size was 40. It is evident that the 
delaying in the addition of Ca 2 + delays the onset of rise 
period further, and hence the decrease in titers at 4.5 - 
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Fig. 3. Requirement of  Ca  2 + in phage production. M. smegmatis cells in the early exponential phase were infected with phage I3 at an moi = 1, in 
presence of 1 mM CaCI2. The mixture was incubated at 37 ~ C for 20 rain to complete phage DNA injection. In one set of experiments, the cells 
were centrifuged and suspended in fresh medium containing CaC12 (1 raM). At various times, EGTA was added to a final concentration 
of 2 mM to chelate the Ca 2 + and the incubation continued for a total ength of 5 h. A few drops of CHC13 were added to complete the lysis and the 
clarified lysates were titrated on indicator bacteria. In the other experiments, Ca 2 + was removed from the infected cells by incubating for 5 rain 
with 2 mM EGTA, centrifuging and resuspending in medium lacking Ca 2 +. At various times, CaCI 2 was added back to a final concentration 
I mM. Incubation was continued for a total of 5 h at 37 ~ C and the phage titers were determined as in the previous case. 9 9 Time of 
addition of EGTA; 9 9 time of addition of Ca z + 
Fig. 4. Continuous requirement ofCa 2 + during intracellular development of phage. Phage infection was carried out in presence of Ca 2 + (1 mM) 
at 37 ~ C for 20 rain and EGTA was added (2 mM final concentration). After 5 min at 37 ~ C the infected bacteria were collected by centrifugation, 
suspended inCa 2 + free medium and incubated at 37 ~ C. At various times, CaCI2 (1 mM) was added to different samples. Samples were r moved 
periodically after 4.5 h and the phage titers were determined. Time of addition of Ca 2 + : 9 0, 0 min; A A, 60 rain; ~ 9  120 min; 
i i ,  180 rain. The inset curve is the one step growth curve of the phage in the same medium, containing Ca 2 + 
5 h. I f  suff icient t ime was a l lowed for complet ion  of  
lysis, the observed reduct ion  in titers d isappeared and 
eventual ly,  the same final titers were attained. In this 
set o f  exper iments,  however,  there was increase in the 
total  durat ion  o f  latent per iod  even in the case o f  
contro l  (Ca 2+ added at zero t ime);  this is p robab ly  a 
consequence  o f  the t reatment  of  the infected cells with 
EGTA.  
Discussion 
The results presented show that Ca 2 + ions are essential 
for successful p ropagat ion  o f  the mycobacter iophage  
I3 in synthet ic medium.  We were interested in develop-  
ing a min imal  med ium for rad ioact ive label l ing of  
phage to be used for character izat ion o f  var ious 
structural  components ,  but  most  of  our  init ial at tempts  
to grow the phage had failed. Subsequent ly  we found 
that  the med ium of  Youmans  and Kar l son  (1947) 
which supports  the growth  o f  the host  Mycobacterium 
smegmatis can also be used for the propagat ion  o f  
phage I3, i f  supp lemented with Ca 2 +. The host  itself 
does not  show any specif ic requ i rement  for this ion. 
Sunder  Raj  and Ramakr i shnan  (1970) have re- 
por ted  earl ier that  phage I3 does not  require Ca 2 + or 
Mg 2+ for growth.  The conclus ions were, however,  
based on their studies employ ing  nutr ient  b ro th  or 
Lur ia  b ro th  for phage propagat ion  and now we have 
evidence that  they conta in  suff ic ient quant i t ies o f  Ca 2 + 
carr ied by the other  const i tuents (data not  presented).  
Requ i rements  for divalent cat ions for p ropagat ion  
o f  many  phages have been known for a long t ime 
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(Adams, 1959) and in most instances they are confined 
to the early part  of the phage infection process, 
presumably the injection. In our studies we have 
separately tested the involvement of  Ca 2 § at all stages 
of the phage propagat ion.  
In M. smegmatis-I3 system, DNA injection is a slow 
process and is dependent on temperature and presence 
of  Ca 2 § ions. A slow injection process observed in the 
case of  phage T 5 has been attr ibuted to the requirement 
for fresh protein synthesis to complete the injection 
process (Lanni, 1965, 1968). Such a requirement is not 
seen in the case of  phage I3 DNA injection, since it 
is independent of  the presence of  chloramphenicol.  
Tween-80, the surface active detergent used routinely 
for the dispersed growth of Mycobacter ium interferes 
with phage propagat ion  (Gadagkar  and Gopinathan,  
1978). It inhibits DNA injection and this inhibit ion is 
reversed by the presence of  Ca 2 § ions. Furthermore,  
Ca 2 § also stimulates the uptake of  isolated phage 13 
DNA (unpubl ished observations). Hence we conclude 
that the role of  these ions is to modify cell surface and 
thereby facil itate DNA injection, apart  from any direct 
action on phage particles. 
It is evident that Ca 2+ is needed both for the 
injection of  phage DNA into the host, and during the 
entire latent period. A delay in the addit ion of  Ca 2 § 
delays the onset of the appearance of mature phage 
particles. The Ca 2+ depletion effect was most pro- 
nounced when the ion was withdrawn in the early part  
of the latent period. Hence, Ca 2 § is obviously involved 
in some biochemical processes essential for the develop- 
ment of  phage. The nature of  Ca 2 § requirement in 
several biochemical reactions is being established in 
various laboratories,  and processes uch as protein 
phosphory lat ion and gene activation in eukaryot ic  ells 
are coming into prominence as the targets of Ca 2 § 
action (Greengard, 1978). Presently, we are investigat- 
ing the biochemical nature of  Ca 2 § involvement in 
phage 13 development. 
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